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HIGHLIGHTS 


GRAPHICAL  ABSTRACT 


►  We  report  optimization  of  the 
current  collection  for  thin-film  pro¬ 
cessed  cathodes. 

►  The  cell  performance  is  improved  by 
more  than  30%  by  changing  the  MIC 
rib  design. 

►  In  all,  the  cell  performance  is 
improved  by  a  factor  of  1.6  than  the 
original  value. 

►  The  power  density  at  0.7  V  of 
562  mW  cm  2  at  600  °C  is  achieved. 


i.i 

1.0 

>  09 
*  0.8 
O) 

3  07 
o 

>  06 
O  0.5 


*l|.  oO°oOOOOODDa° 

v 


!!«: 


•  Au-250 
t  Au-64 

•  Au-10 
©600  *C 


3 

200  % 


0.0  0.2  0.4  0  6  0.8  1.0  1.2  1.4  1.6 

Current  density  /  Acm 2 


ARTICLE  INFO 


ABSTRACT 


Article  history: 

Received  21  November  2012 
Received  in  revised  form 
12  December  2012 
Accepted  15  December  2012 
Available  online  22  December  2012 


Keywords: 

Thin-film-processed  cathode 
Solid-oxide  fuel  cell 
Lateral  conduction  loss 
Current  collection 
Contact  material 


To  reduce  the  lateral  conduction  loss  of  thin-film-processed  lanthanum  strontium  cobaltite  (LSC)  cath¬ 
odes,  the  optimization  of  the  current  collection  configuration  is  investigated.  By  increasing  the  number  of 
the  ribs  in  the  metallic  interconnects  (MIC)  and  reducing  the  gap  between  the  ribs,  the  lateral  conduction 
distance  at  the  cathode  can  be  decreased,  and  as  a  result,  cell  performance  can  be  improved  by  more  than 
30%.  In  addition,  by  changing  the  contact  material  from  platinum  to  more  resilient  gold,  the  ohmic  area 
specific  resistance  (ASR)  is  significantly  reduced  by  the  increase  in  effective  contact  area  due  to  the 
deformation  of  the  gold  mesh.  Furthermore,  when  a  gold  mesh  with  a  finer  grid  size  is  used,  the 
polarization  ASR  is  decreased  as  well  because  the  charge  drainage  can  be  improved  by  the  enhanced 
current  collection.  With  the  optimization  of  the  current  collection,  the  cell  performance  is  improved  by 
a  factor  of  1.6  in  comparison  with  that  of  the  original  test  configuration.  A  power  density  of  562  mW  cm 
“ 2  at  0.7  V  and  600  °C  is  obtained  with  only  approximately  2-pm-thick  LSC  cathodes. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Recently,  thin-film-processed  cathodes  fabricated  by  using 
techniques  such  as  pulsed  laser  deposition  (PLD)  [1,2],  sputtering 
[3-5],  and  solution  spin-on  [6,7]  have  been  actively  studied  and 
employed  in  achieving  high  performance  in  low-  and  intermediate- 
temperature  (LT  and  IT)  operating  solid-oxide  fuel  cells  (SOFCs). 
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The  nano-porous  and  nano-crystalline  nature  of  thin-film- 
processed  cathodes  is  expected  to  increase  the  surface  area  and 
the  number  of  reaction  sites,  which  would  yield  higher  perfor¬ 
mance  than  that  of  a  conventional  powder-processed  cathode  [1,8]. 
In  addition,  because  thin-film-processed  cathodes  are  fabricated  at 
much  lower  processing  temperatures  than  cathodes  produced  by 
powder  processing,  the  reaction  between  high-performance 
cathode  materials,  such  as  lanthanum  strontium  cobaltite  (LSC) 
and  lanthanum  strontium  cobalt  ferrite  (LSCF),  and  zirconia-based 
electrolytes  can  be  prevented  [1,2, 7, 9]. 
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In  general,  the  method  used  to  obtain  a  thin-film-deposited 
cathode  with  nano-porous  structure  is  to  deposit  a  film  of  low 
density  at  room  temperature  and  high  ambient  processing  pres¬ 
sure,  then  elevate  the  temperature  to  induce  agglomeration,  dew¬ 
etting,  and/or  crystallization  [1,3-5,9-11  ].  By  this  approach,  crack¬ 
like  vertical  pores  are  generated  in  thin-film-processed  electrodes 
due  to  the  constrained  shrinkage  of  the  electrode  film  [1,3,5,12]. 
Due  to  the  vertical  pores  that  separate  the  cathode  domain,  as  well 
as  the  thinness  of  the  thin-film  cathode,  lateral  conduction  in  the 
thin-film-processed  cathode  is  substantially  limited  relative  to  that 
in  conventional  cathodes.  This  limited  lateral  conduction  could  be 
a  significant  problem  when  attempting  to  connect  unit  cells. 

Due  to  the  geometry  of  the  thin-film  deposition,  it  is  more 
common  for  a  thin-film-processed  cathode  to  be  employed  in 
a  planar  SOFC.  In  planar  SOFCs,  metallic  interconnects  (MICs)  are 
generally  used  to  connect  the  cells  in  the  stack.  If  the  lateral 
conduction  is  limited  and  thus  the  current  collection  is  ineffec¬ 
tive,  a  significant  area  specific  resistance  (ASR)  loss  occurs  due  to 
the  contact  problem  between  the  electrode  and  the  MIC  [13-16]. 
In  conventional  SOFCs  with  a  substantially  thick  ( -  several  tens 
of  microns)  powder-processed  cathode,  the  loss  can  be  signifi¬ 
cantly  reduced  by  inserting  contact  materials,  such  as  Pt,  Au,  or 
Ag  meshes,  between  the  MIC  and  the  cathode  [14,15].  For 
example,  for  an  anode-supported  SOFC  with  an  8-pm-thick 
yttria-stabilized  zirconia  (YSZ)  electrolyte,  a  sputtered  gadolinia- 
doped  ceria  (GDC)  buffer  layer,  and  a  screen-printed  ~30-|im- 
thick  LSC-GDC  composite  cathode,  the  ohmic  ASR  of  the  cell  is 
only  approximately  6  (-6%)  and  5  mQ  cm2  (-2.5%)  higher 
than  the  calculated  ASR  of  the  YSZ  electrolyte  at  650  and 
600  °C,  respectively,  when  a  Pt  mesh  is  inserted  as  a  contact 
material  [17]. 

This  method  is,  however,  insufficient  for  the  effective  current 
collection  of  thin-film-processed  cathodes.  Although  MICs  with  Pt 
meshes  have  been  employed  for  current  collection,  the  ohmic  ASR 
of  a  YSZ-based  cell  with  a  3-pm  thin-film  LSC  cathode  is  approxi¬ 
mately  160  mQ  cm2,  which  is  more  than  twice  the  calculated  ASR  of 
a  6-pm-thick  YSZ/200-nm-thick  GDC  electrolyte  ( -67  mQ  cm2)  at 
650  °C  [1  ].  For  cells  with  a  much  smaller  electrolyte  ASR,  ineffective 
current  collection  becomes  more  serious.  For  a  thin-film  electrolyte 
SOFC  featuring  a  200-nm-thick  YSZ/l-pm-thick  GDC  bilayer  elec¬ 
trolyte,  the  measured  cell  ohmic  ASR  is  more  than  five  times 
higher  than  the  electrolyte  ASR  [18].  This  significant  loss  from 
sources  other  than  the  cell  itself  may  hamper  the  investigation  of 
the  true  effect  of  variation  in  cell  components,  such  as  variation  in 
materials,  microstructure,  dimensions,  etc.  In  fact,  the  effect  of 
the  thickness  of  an  ultra-thin  YSZ  blocking  layer  was  not  reflected 
in  the  measured  cell  performance  in  a  previous  study  by  the 
authors  [18]. 

Therefore,  in  this  study,  several  methods  for  reducing  lateral 
conduction  loss  by  changing  the  cell  testing  configuration  were 
employed  and  the  effect  of  these  variations  on  the  measured  cell 
performance  was  investigated.  Identical  anode-supported  SOFCs 
with  LSC  thin-film  cathodes  were  subjected  to  various  test 
configurations.  First,  the  rib  design  of  the  MIC  was  changed  to 
reduce  the  distance  between  the  ribs.  Second,  the  contact  mesh 
material  and  the  grid  size  of  the  mesh  were  varied  to  investigate  the 
effect  of  the  direct-contact  area  over  the  thin-film  cathode.  The  ASR 
values  and  power  outputs  of  the  modified  cells  were  compared 
with  those  of  the  cell  in  the  original  configuration. 

2.  Experimental 

Half  cells  measuring  2  cm  by  2  cm  with  an  approximately  6-pm- 
thick  YSZ  electrolyte  over  a  NiO-YSZ  anode  support  were  diced 
from  a  10  cm  by  10  cm  cell.  Because  all  of  the  tested  cells  were 


Fig.  1.  Cell  test  configuration  used  in  this  study. 


derived  from  a  single  cell,  it  can  be  assumed  that  the  properties  of 
the  cells,  including  the  dimensions  of  the  components  of  the  cells 
up  to  the  YSZ  electrolyte,  were  similar.  The  whole  surface  of  the  YSZ 
electrolyte  was  covered  with  a  -200-nm-thick  GDC  fabricated  by 
PLD.  The  GDC  layer  was  deposited  at  a  substrate  temperature  (Ts)  of 
700  °C  and  ambient  oxygen  pressure  (Pamb)  of  6.67  Pa.  An 
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Fig.  2.  Cathode-side  MIC  rib  designs,  (a)  Original  configuration  and  (b)  modified 
configuration. 
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approximately  2-pm-thick  LSC  layer  was  deposited  on  the  GDC 
layer  at  room  temperature  and  at  a  Pam b  of  13.3  Pa.  The  thickness  of 
the  cathode  was  determined  to  prevent  cathode/electrolyte 
delamination  [1].  The  cell  was  subjected  to  post-annealing  at 
650  °C  for  1  h  to  induce  the  crystallization  and  porous  micro¬ 
structure  of  the  cathode. 

Fig.  1  provides  an  illustration  of  the  cell  test  configuration. 
A  cell,  a  nickel  foam  as  the  anode  contact,  a  noble-metal  mesh  as 
the  cathode  contact,  and  a  ceramic-glass  composite-based 
composite  seal  [19]  were  placed  between  the  MICs.  A  mechanical 
load  for  contact  and  sealing  was  applied  for  testing.  Air  and 
humidified  H2  (3%  H20)  were  used  as  the  oxidant  and  the  fuel, 
respectively,  and  the  flow  rates  of  each  side  were  held  constant  at 
200  seem.  The  cell  operation  temperature  was  varied  from  650  to 
500  °C  at  intervals  of  50  °C,  and  electrochemical  impedance  spectra 
(ElS)under  the  open-circuit  voltage  (OCV)  condition  and  current- 
voltage-power  (I—V—P)  curves  were  obtained  at  each  tempera¬ 
ture.  To  prevent  the  degradation  of  the  cathode,  which  was  post- 
annealed  at  650  °C,  the  first  cell-performance  measurement  was 
conducted  at  600  °C;  then,  the  measurement  temperature  was 
reduced  to  500  °C.  The  performance  at  650  °C  was  tested  as  the  last 
measurement.  In  this  article,  therefore,  the  performance  measured 
at  600  °C  will  be  primarily  referenced  because  it  reflects  the 
performance  that  was  initially  measured  and  less  affected  by  any 
possible  degradation  of  the  thin-film  cathode  during  the  cell  test.  A 
Solartron  impedance  analyzer  with  an  electrochemical  interface 
(SI1260  and  SI1287)  was  used  to  obtain  EIS  and  I-V-P  curves,  and 
each  EIS  was  observed  over  a  frequency  range  from  10  MEIz  to 


0.1  EIz.  The  AC  amplitude  of  the  impedance  measurements  was 
50  mV.  After  the  cell  test,  the  microstructures  of  each  cell  were 
characterized  by  using  scanning  electron  microscopy  (SEM,  XL-30, 
FEI).  The  cell  fabrication  and  measurement  methods  were  based  on 
previous  studies  [1,9,20]. 

To  investigate  the  effect  of  the  change  in  the  rib  design  at  the 
MIC,  two  cathode  rib  designs  were  compared,  the  original  rib 
design  consistently  used  in  the  previous  study  [1,9,18,20]  and  the 
modified  rib  design.  In  the  modified  rib  design,  the  total  number  of 
ribs  was  increased  and  the  gap  between  the  ribs  was  reduced.  The 
original  rib  design  on  the  cathode  side  is  shown  in  Fig.  2(a).  Four 
1.4-mm-wide  ribs  separated  by  1.6-mm  gaps  are  shown  over  an 
area  measuring  10.4  mm  by  10.4  mm.  The  modified  rib  design  is 
shown  in  Fig.  2(b).  Six  0.9-mm-wide  ribs  separated  by  1.12-mm 
gaps  are  shown  over  an  area  measuring  11  mm  by  11  mm. 

To  vary  the  cathode  contact  mesh  type,  four  different  meshes 
were  tested.  The  Pt  meshes  (Tanaka  Precious  Metals,  Japan)  used 
in  the  original  cell  test,  with  openings  measuring  250  pm  by 
250  pm  (Pt-250),  were  employed  in  the  rib  design  comparison 
experiment.  Au  meshes  with  openings  measuring  250  pm  by 
250  pm  (Au-250),  64  pm  by  64  pm  (Au-64),  and  10  pm  by  10  pm 
(Au-10)  (Good  fellow  Cambridge  Ltd.,  UK)  were  used  to  inves¬ 
tigate  the  effect  of  the  variation  in  contact  material  and  grid  size. 
Optical  micrographs  of  each  mesh  are  shown  in  Fig.  3.  The  Pt- 
250  and  Au-250  meshes  are  wire-weaved,  and  the  other 
two  are  patterned.  Several  layers  of  meshes  were  laminated 
for  handling  and  used  as  the  contact  material  on  the  cathode 
side. 


Fig.  3.  Optical  micrographs  of  the  meshes  used  as  the  cathode  contact  material:  (a)  Pt-250,  (b)  Au-250,  (c)  Au-64,  and  (d)  Au-10. 
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3.  Results  and  discussion 

Fig.  4  shows  surface  and  cross-sectional  SEM  micrographs  of 
the  tested  cell.  As  was  reported  before  [1,9,20],  a  chasm-like 
separation  of  the  cathode  domains  was  developed  in  the  thin- 
film  LSC  cathode.  The  chasm-like  separation  reaches  the  inter¬ 
face  between  the  cathode  and  the  GDC  surface,  as  shown  in  the 
cross-section  of  the  cell  (Fig.  4(b)).  The  cross-sectional  micro¬ 
structure  shows  that  the  dimensions  of  the  LSC  cathode,  GDC 
buffer,  and  YSZ  electrolyte  are  ~2  pm,  200  nm,  and  6  pm, 
respectively.  It  was  confirmed  that  all  of  the  cells  tested  in  this 
study  had  almost  identical  component  dimensions,  which  indi¬ 
cates  that  any  difference  in  performance  between  the  cells  does 
not  originate  from  the  cells  themselves. 

First,  the  effect  of  changing  the  rib  design  at  the  cathode  MIC 
was  investigated.  Fig.  5(a)  compares  the  I-V-P  curves  (measured  at 
600  °C)  of  the  cells  tested  in  each  setup  with  the  rib  designs  shown 
in  Fig.  2.  By  changing  the  rib  design,  the  peak  power  density 
increased  by  131  mW  cm-2  (420-551  mW  cm-2)  and  the  power 
density  at  0.7  V  increased  by  109  mW  cnrr2  (332-441  mW  cm-2), 
which  represents  an  improvement  in  cell  performance  of  more 
than  30%.  Considering  that  the  total  contact  area  of  the  old  setup 
(Fig.  2(a))  and  that  of  the  new  setup  (Fig.  2(b))  are  58.24  cm2and 


Fig.  4.  (a)  Surface  of  a  thin-film  LSC  cathode  over  the  electrolyte  of  a  tested  cell  and  (b) 
cross-sectional  microstructure  of  a  tested  cell. 
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Fig.  5.  (a)  I-V-P  curves  and  (b)  EIS  at  OCV  from  the  original  and  modified  setups.  The 
measurement  temperature  was  600  °C. 


59.4  cm2,  respectively,  which  is  only  about  a  2%  difference,  the 
improvement  in  cell  performance  observed  by  changing  the  rib 
design  is  quite  significant.  In  Fig.  5(b),  the  EIS  at  the  OCV  of  two 
measurements  are  compared.  Both  EIS  have  a  similar  shape.  The 
ohmic  ASR  was  reduced  from  0.290  to  0.210  Q  cm2,  and 
the  polarization  (pol.)  ASR  was  reduced  from  1.170  to  0.896  O  cm2. 
The  ASRs  were  reduced  to  72.4%  and  76.6%  of  their  original  values, 
respectively.  Because  the  difference  in  contact  area  is  not 
substantial,  it  is  postulated  that  the  major  reason  for  the  decrease  in 
the  ASR  is  the  reduction  in  the  gap  between  the  ribs  and  the 
increase  in  the  number  of  ribs,  which  reduces  the  lateral  conduc¬ 
tion  distance  for  current  collection. 

Still,  the  measured  ohmic  ASR  value  is  significantly  higher  than 
the  calculated  ASR  value  of  the  electrolyte.  At  600  °C,  the  calcu¬ 
lated  ASR  value  of  the  6-pm-thick  YSZ/200  nm-thick  GDC  is 
0.137  Q  cm2,  which  is  65%  of  the  measured  ASR  value  in  the 
modified  setup.  As  mentioned  previously,  when  the  same  setup 
was  used  for  the  powder-processed  cathode  [17],  the  electrolyte 
ASR  was  95%  of  the  measured  ohmic  ASR.  This  implies  that  a  more 
efficient  current  collection  configuration  is  necessary  to  compen¬ 
sate  for  the  lateral  conduction  loss  in  the  thin-film  cathode. 
Because  it  is  not  possible  to  infinitesimally  reduce  the  gap  between 
the  ribs,  due  to  the  limitations  posed  by  the  gas  flow  and  the 
machining  of  the  MIC,  the  contact  mesh  was  varied  to  further 
assist  lateral  conduction. 

In  Fig.  6,  the  I—V—P  curves  and  EIS  of  each  cell  measured  with 
different  meshes  are  compared.  It  is  shown  that  the  performance  of 
the  cell  is  improved  by  changing  the  mesh  material  and  grid  size 
(Fig.  6(a)).  Interestingly,  the  greatest  improvement  was  obtained 
when  the  mesh  material  was  changed  from  Pt  to  Au.  The  peak  power 
density  was  improved  by  97  mW  cm-2  (551  to  648  mW  cm-2) 
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Fig.  6.  (a)  I-V-P  curves  and  (b)  EIS  at  OCV  from  the  modified  setup  using  different 
contact  materials.  The  measurement  temperature  was  600  °C. 


and  the  power  density  at  0.7  V  was  improved  by  59  mW  cnrr2 
(441  to  500  mW  cm”2)  when  the  Au-250  mesh  was  substituted 
for  the  Pt-250  mesh.  The  mesh  size  also  affected  the  cell  perfor¬ 
mance,  with  differences  observed  among  cells  featuring  Au-250, 
Au-64,  and  Au-10  meshes,  but  the  variation  in  performance  was 
not  as  significant  as  that  observed  when  changing  the  mesh  mate¬ 
rial.  In  Fig.  6(b),  the  EIS  are  compared.  As  the  mesh  material  was 
changed  from  Pt  to  Au,  there  was  a  significant  reduction  in  the 
ohmic  ASR.  The  change  in  the  size  of  the  Au  mesh  affected  the  ohmic 
ASR  as  well;  however,  the  variation  in  the  ASR  was  not  as  significant 
as  that  observed  when  the  mesh  material  was  changed,  like  the  cell 
performance. 

In  terms  of  the  ohmic  ASR,  it  is  believed  that  the  ductility  of  Au 
provided  better  contact  to  the  cathode  surface.  In  Fig.  7,  optical 
micrographs  of  the  mesh  imprint  over  the  thin-film  cathode  are 
compared  for  Pt-250  and  Au-250.  In  the  case  in  which  Pt-250  was 
used,  the  mesh  imprint  reflects  the  first  layer  that  directly  contacts 
the  surface  of  the  thin-film  cathode.  On  the  other  hand,  the  Au-250 
imprint  shows  the  wire  pattern  from  a  layer  other  than  the  first.  In 
addition,  the  Au-250  contact  pattern  shows  that  the  Au  wire  in  the 
mesh  was  deformed  and  the  contact  area  enlarged  by  the  defor¬ 
mation.  Owing  to  the  ductile  nature  of  Au,  the  contact  of  the  upper 
layer  of  the  mesh  and  the  deformation  of  the  wire  in  Au-250  can 
increase  the  contact  area  and  reduce  the  lateral  conduction  loss  of 
the  cell  relative  to  the  Pt-250-based  system. 

The  results  indicate  that  the  decrease  in  the  size  of  the  Au 
meshes  reduced  the  pol.  ASR.  Fig.  6(b)  shows  that  the  frequency 
range  from  10  Hz  to  10  kHz  in  particular  is  affected  by  the  variation 
in  mesh  size.  This  frequency  range  is  related  to  oxygen  surface 
exchange  according  to  our  previous  analysis  [20].  When  the  current 


Fig.  7.  Optical  micrographs  of  contact  material  imprint  patterns  over  the  thin-film  LSC 
cathodes,  (a)  Pt-250  and  (b)  Au-250. 


collection  is  improved,  the  surface  exchange  reaction  can  be 
enhanced  because  the  produced  electronic  charges  can  be  drawn 
more  effectively.  Therefore,  the  optimization  and  improvement  of 
the  current  collection  is  important  for  both  the  ohmic  and  pol. 
ASRs. 

In  Table  1,  the  ASR  values  measured  at  the  OCV  and  the  power 
densities  of  the  tested  cells  are  listed.  All  measurements  were  made 
at  600  °C.  The  calculated  ASR  value  of  the  6-fim-thick  YSZ/200  nm- 
thick  GDC  electrolyte  is  also  listed  for  comparison.  As  the  current 
collection  configuration  at  the  cathode  is  refined,  the  ohmic  ASR  is 
reduced,  approaching  values  close  to  the  electrolyte  ASR  value.  A 
reduction  in  the  pol.  ASR  is  clearly  shown  as  well.  By  mitigating  the 
lateral  conduction  loss  at  the  thin-film  cathode,  the  cell  perfor¬ 
mance  was  improved  by  more  than  200  mW  cm”2  (original/Pt-250 
vs.  modified/Au-10).  By  optimizing  the  current  collection  design 
and  contact  materials,  only  ~2-pm-thick  thin-film  cathodes  can 
yield  cell  performance  comparable  or  superior  to  ~30-|im-thick 
powder-processed  cathodes,  which  again  proves  the  effectiveness 
of  employing  nano-structured  thin-film  cathodes.  The  results 
demonstrate  the  importance  of  current  collection  design  and 
contact  materials  in  using  thin-film-processed  cathodes  to  fully 
exploit  the  merits  of  employing  nano-structured  thin-film 
cathodes. 
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Table  1 

ASR  values  (measured  at  OCV)  and  power  densities  from  different  cell  test  configurations  (at  600  °C). 


Cell  test  configuration  (Setup/Mesh) 

Ohm.  ASR  at  OCV 
(Ocm2) 

Pol.  ASR  at  OCV 
(Ocm2) 

Power  density 
at  0.7  V  (mW  cm"2) 

Peak  power 
density  (mW  cm-2) 

Original/Pt-250 

0.290 

1.170 

332 

420 

Modified/Pt-250 

0.210 

0.896 

441 

551 

Modified/Au-250 

0.158 

0.866 

500 

648 

Modified/Au-64 

0.147 

0.846 

534 

683 

Modified/Au-10 

0.134 

0.749 

562 

698 

Calculated  electrolyte  ASR  (6  pm  YSZ/200  nm  GDC) 

0.137 

- 

- 

- 

Performance  of  cell  w/Powder-processed  LSC-based  cathode  [17] 

- 

- 

531 

595 

4.  Conclusions 

By  optimizing  the  current  collection  configuration,  the  lateral 
conduction  loss  in  a  thin-film-processed  cathode  is  effectively 
reduced.  Modifying  the  rib  design  at  the  MIC  to  reduce  the  lateral 
conduction  distance  improves  cell  performance  by  more  than  30%. 
Moreover,  changing  the  contact  material  from  Pt  to  more  resilient 
Au  improves  the  cathode/contact  material/MIC  contact,  thus 
significantly  reducing  the  ohmic  ASR.  Reducing  the  grid  size  further 
improves  the  current  collection;  thus,  the  pol.  ASR  is  also  reduced. 
By  optimizing  current  collection,  cell  performance  is  improved  by 
a  factor  of  1.6.  The  results  indicate  that  effective  current  collection 
configuration  is  of  the  utmost  importance  in  taking  full  advantage 
of  thin-film-processed  cathodes. 
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